Abstract. The relationship between malaria transmission intensity and clinical disease is important for predicting the outcome of control measures that reduce transmission. Comparisons of hospital data between areas of differing transmission intensity suggest that the mean age of hospitalized clinical malaria is higher under relatively lower transmission, but the total number of episodes is similar until transmission drops below a threshold, where the risks of hospitalized malaria decline. These observations have rarely been examined longitudinally in a single community where transmission declines over time. We reconstructed 16 years (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006) of pediatric hospital surveillance data and infection prevalence surveys from a circumscribed geographic area on the Kenyan coast. The incidence of clinical malaria remained high, despite sustained reductions in exposure to infection. However, the age group experiencing the clinical attacks of malaria increased steadily as exposure declined and may precede changes in the number of episodes in an area with declining transmission.
INTRODUCTION
Understanding the relationship between transmission intensity, infection, and the burden of clinical malaria is important for choosing indicators to measure the long-term impact of control measures that reduce transmission. Multi-site comparisons relating transmission intensity to the incidence of clinical malaria [1] [2] [3] [4] and malaria mortality [5] [6] [7] show a relationship that is complicated and nonlinear. As malaria transmission increases, there is a steep initial increase in the rate of hospital admissions with malaria, but thereafter, the risk of hospitalization rises either more slowly or plateaus at intermediate ranges of transmission intensity and may decrease slightly in areas of very high transmission. 1, 2, 4 Transmission intensity also affects other clinical features of malaria such as the average age at which children experience serious episodes of malaria. Children present with symptomatic malaria at a younger age in areas of high transmission than in areas with lower transmission. [8] [9] [10] Under conditions of very low transmission, the risk of clinical disease extends into adulthood, 11 where risks of a clinical event are more directly related to the risks of infection than the effect of acquired clinical immunity.
These relationships have been defined largely from comparisons of clinical data collected over time at different transmission settings paired with cross-sectional data on transmission intensity collected at single time points 1, 2, [4] [5] [6] [7] or on the basis of heterogeneity of exposure within a single site over a short time span. 12, 13 The natural experiment has not been described where systematic declines in parasite exposure from birth over time are compared with the average age of a clinical event and the overall childhood risks of malaria. Here we describe the clinical epidemiology of pediatric malaria from a single site on the Kenyan coast over a 16-year period in the context of declining transmission intensity.
MATERIALS AND METHODS

Study area.
Ngerenya is a community of 13,800 people located in the northern part of Kilifi district on the coast of Kenya. Details of the study location have been described elsewhere. 14, 15 Malaria transmission in Ngerenya is highly seasonal after the long rains in April-June and the short rains in October-November each year. The main malaria vectors are Anopheles gambiae s.l., with minor contributions from An. funestus. 16 In Ngerenya, the entomologic inoculation rate (EIR) was estimated to be 10 infectious bites per year during the early 1990s. More recent evidence suggests that current transmission may be much lower. 17 Bednet use in the early 1990s was estimated to be < 6%. 18 An insecticide-treated net (ITN) trial was initiated in June 1993, 19 and ITNs were distributed to some parts of Ngerenya. At the conclusion of the study in 1994, treated nets were distributed to all families. ITNs and re-treatment were available through social marketing campaigns in the retail sector until 2004 but uptake was low. 20 In 2000, a survey showed that 70% of children younger than 10 years old had nets, but only 10% of them were properly treated. 21 In 2005, ITNs became available through government clinics at highly subsidized rates. 22 Although the percentage of children sleeping under a treated net in Ngerenya at the end of the surveillance period is not known, a free mass distribution campaign was undertaken by the District Health Management Team in September 2006, which significantly increased the ITN coverage across Kilifi district. 23 Chloroquine was the first-line antimalarial therapy until 1998 when the Ministry of Health implemented a switch to sulphadoxine-pyrimethamine (SP). 24 At the time of the switch, > 50% of childhood fevers were treated first with drugs purchased at local shops. A shopkeeper training program was active during the switch to SP to increase antimalarial access in the community through the informal retail sector. 25 Artemether-lumefantrine replaced SP in government clinics in September 2006 and has since been offered to pediatric patients free of charge through the public health sector. 26 Currently, the Ngerenya community is served locally by one government dispensary, one private clinic, and one private dispensary.
Hospital admissions. Ngerenya is situated ∼15 km to the north of Kilifi District Hospital (KDH), which serves as the first referral center for the majority of patients requiring hospitalization. KDH operates a 35-bed pediatric ward and a smaller pediatric high dependency unit. Patients arriving at the hospital are seen first in the outpatient area and admitted to the ward if they are considered too ill to be treated as an outpatient. Clinical examination, demographic details (including address), laboratory studies, discharge diagnoses, and outcome are recorded in a central database for each child admitted. 27, 28 A routine blood slide is taken on all admissions and is examined by microscopy for malaria parasites. Primary and secondary discharge diagnoses are assigned by a medical officer on review of all clinical notes and laboratory studies made during the child's stay in the hospital. Children admitted to the ward are between birth and 12 years of age. All children identified at the time of admission as a resident in a household in Ngerenya are included in this analysis.
Here we consider three case definitions of malaria. First, any child admitted to hospital with slide-confirmed parasitemia. Second, any child admitted to hospital with slideconfirmed parasitemia and a primary or secondary discharge diagnosis of malaria. Third, any child admitted to the hospital with a parasitemia of > 2,500 parasites/L. This latter definition provides the most specific definition of clinical malaria free of the subjective bias of assigning a diagnosis. 29 Slidenegative children are all those admitted without evidence of peripheral malaria infection.
Annual rates of pediatric hospital admissions from the Ngerenya area are reported per 1,000 children ages 0-12 years which are residents of Ngerenya. The denominators were computed from census enumeration data collected three times per year from 2002 to 2006. Within each year, the number of children was estimated by interpolating to the midpoint of that year using the five nearest census rounds. Before 2002, the number of children was estimated by fitting the mid-year points from 2002 to 2006 with a linear regression and extrapolating to earlier years.
Clinical episodes in the community. In September 1998, longitudinal surveillance of a cohort was initiated in Ngerenya. The cohort and all monitoring activities are described in detail elsewhere. 15 Briefly, households within the study area were chosen randomly, and children in each household were enrolled. Selection continued until the required number of children was enrolled. Four hundred twenty-three children between birth and 8 years of age were initially recruited, and newborns were enrolled continuously during each year. The axillary temperature of each child was measured by a field worker during weekly home visits. Any child with a temperature Ն 37.5°C or a history of fever was referred to the study clinic, and transportation costs were paid as part of the study. At the clinic, a blood film was made to check for parasites. Clinical outpatient malaria is defined as a temperature Ն 37.5°C measured at home or at the clinic and any parasitemia. Children who were unwell between weekly visits were also brought to the clinic, but here we have only included actively detected cases to control for differences in utilization rates.
Community cross-sectional prevalence. Age-stratified parasite prevalence data were available from several community cross-sectional surveys undertaken in February 1993 (C. Nevill, personal communication), March/August 1995 1 and since 1998 from bi-annual surveys in May and October among the longitudinal cohort in Ngerenya. 15 Infants were recruited continuously into the cohort and therefore represent an independent sample from year to year.
Cross-sectional parasite prevalence in children is a wellestablished proxy measure for transmission intensity. Infant parasite prevalence correlates closely to the force of infection, 30 thus reflecting annual difference in transmission intensity. Although it is a more sensitive indicator of transmission intensity than prevalence in older children because of early saturation and long duration of infections, 31 it becomes less sensitive as transmission declines, 32 unless extremely large numbers of infants are examined serially during a year. We report the parasite prevalence in infants 1-11 months of age as a measure of contemporary community parasite exposure. We also included data on the prevalence of infection among children 5 years of age (60-71 months) to supplement information provided for infants.
For infant parasite prevalence estimates, multiple surveys done in the same calendar year are pooled to give a single estimate in that year. For 5 year olds in the cohort (from 1998 onward), only one survey (May) in each year is used to estimate prevalence in 5 year olds to avoid any child contributing twice to the annual estimate. The use of a single age band of 1 year (5 year olds) also avoids any child appearing in prevalence estimates in consecutive years.
During all community-based surveys and clinic visits, thick and thin blood films were made from finger-prick samples. Slides were air-dried, after which the thin film was fixed in 100% methanol. Both films were stained for 10 minutes with 10% Giemsa stain and examined by light microscopy. One hundred fields were examined before a slide was declared negative.
Analysis. Comparisons of parasite prevalence estimates in infants between years were performed using a two-sided test for proportions. Trends in parasite prevalence with time were evaluated using a 2 test for trend. Confidence intervals (CIs) for prevalence estimates and incidence of clinical malaria in the community are exact binomial 95% CIs and CIs for rates, respectively. The probability of measuring a prevalence of zero was calculated using a hypergeometric distribution. Linear regression was used to explore the relationship between year and incidence of clinical episodes and between year and mean age of admission. Differences in age of slide-positive and slide-negative admissions within a single year were tested for significance by the Mann-Whitney test. Statistical analyses were performed using Stata 9.0 (Stata Corp., College Station, TX).
Ethical approval. Studies and data collection methods were approved by the Kenyan Medical Research Institute's ethical review committee.
RESULTS
Parasite prevalence. Data from cross-sectional surveys conducted in Ngerenya were available from 1993, 1995, and 1998-2005 (Table 1) . Parasite prevalence in infants declined from 19% to undetectable levels over the surveillance period. Over the first half of the surveillance period, the prevalence dropped by nearly half and continued to decline to undetectable levels in the next 6 years. Similarly, prevalence in 5 year olds declined to one third of its starting value by 2003 and dropped precipitously to undetectable levels in the next year, at the same time that infection in infants also dropped below detection. The overall prevalence in children ages 0-9 in 1993 was 59.1% (95% CI: 51.8-66.1%, N ‫ס‬ 193) and fell to 2% by 2005 (95% CI: 0.6-4.6%, N ‫ס‬ 252).
Prevalence estimates for infants and 5 year olds reported here are sub-samples of larger surveys conducted in each year selected for age (1-11 months or 5 years of age) and location of residence (Ngerenya). The number of infants and children in each survey meeting these criteria are small (N ‫ס‬ 12-69, median ‫ס‬ 39), which limited statistical power to detect any annual declines in parasite prevalence that may have existed. However, parasite prevalence at the end of the surveillance period was significantly lower than in 1993 in both infants and 5 year olds (P ‫ס‬ 0.0159 and P < 0.00001, respectively) and the trend of declining prevalence over the 15-year surveillance period was also significant in both groups (P ‫ס‬ 0.0061and P ‫ס‬ 0.0001 for infants and children, respectively).
There is a possibility that the prevalence in infants remained constant at 2% from 2002 onward. The probability of measuring a prevalence of zero in infants in 2004 and 2005 if the true prevalence remained at 2% is 0.43-0.65, but the probability of measuring a prevalence > 2% is 0.14 in 2004 and 0.29 in 2005 and the probability of measuring a prevalence greater than the upper 95% CI for 2003 is < 0.01. In other words, the size of the sample may have prevented detection of a low, but stable prevalence, but the probability that an increase in prevalence was not detected is small.
Incidence of malaria episodes in the community. An average of 481 (range, 229-774) children younger than 8 years of age and residents of Ngerenya were monitored continuously over 8 years for fever during weekly home visits. Infants were recruited into the cohort each year, and children were dropped from the analysis on their ninth birthday. The annual incidence of malaria episodes detected in these children and treated at the study clinic are shown in Figure 1 (Figure 2B) .
In every year, 90% of slide-positive admissions had a discharge diagnosis of malaria, and 82% of slide-positive admissions had a parasitemia > 2,500 parasites/L (data not shown). These proportions remained consistent from year to year, and thus these alternate definitions of malaria morbidity show trends that are identical to those of the slide-positive admissions.
Mean age of hospital admissions. Over the 15 years of admissions recorded at KDH, the mean age of admission with a positive blood smear among children from Ngerenya increased from 2.9 to 4.9 years of age ( Figure 3 ). The overall trend of age by year for slide positive admissions from 1991 to 2006 was positive and highly significant (P < 0.00001). The mean age of clinical cases and the trend in mean age with time was virtually identical when alternate case definitions (discharge diagnosis of malaria or parasitemia > 2,500 parasites/ L) were applied (data not shown). In contrast, the mean age of slide-negative admissions fluctuated from year to year but did not change consistently over the same time period (P ‫ס‬ 0.3).
DISCUSSION
The relationship between malaria exposure, infection, and disease must certainly be governed by biological relationships, but relating them through epidemiologic measurements has proven challenging. Studies that describe clinical malaria as a function of transmission intensity rely on comparisons across ecologic zones and pair clinical data collected over months or years with a single cross-sectional measure of transmission intensity.
1,2,4-7 They relate disease burden to a static snapshot of transmission in a geographical location with an unknown history of transmission. Such comparisons may not accurately predict the patterns of clinical malaria in an area experiencing changes in transmission intensity. Sixteen years of surveillance in a community in coastal Kenya has generated a more comprehensive picture of the impact of reduced exposure on the clinical burden of disease and the age groups experiencing that burden.
Previous analyses have predicted that the rate of hospitalized malaria is insensitive to changes in transmission intensity over a wide range of values. 2, 3, 33 A multi-site analysis of hospitalized malaria cases as a function of parasite prevalence in children 0-9 years of age predicted that the incidence of malaria cases is bi-phasic; it initially increases with parasite prevalence, or exposure, reaching a peak near 20% prevalence, and declines slightly with increasing prevalence. 4 Similarly, longitudinal observations from Ngerenya also showed a non-linear relationship between infant parasite prevalence and the incidence of hospitalized malaria (Figure 4 ; data from Figure 2A and Table 1 ). From 1993 to 2003, infant parasite prevalence declined from 19% to a few percent, and the prevalence in 5 year olds declined by two thirds. Despite significant reductions in exposure to infection, the incidence of hospitalized malaria did not change significantly over the same interval. From 2003 onward, further decreases in parasite prevalence were accompanied by a sharp reduction in hospital admissions, suggesting that Ngerenya fell below the threshold exposure level required to see a significant reduction in hospital admissions. Overall prevalence in children 0-9 years of age in 1993 was 59% and at the end of the surveillance period was 2%, well below the theoretical threshold of 20% predicted in earlier studies. The incidence of malaria in the community showed the same pattern as hospitalized malaria, with evidence of a threshold crossed between 2003 and 2004. The reductions in both prevalence and incidence of disease were maintained over the last 3 years of surveillance.
The mean age of slide-positive admissions rose steadily from the late 1990s, a change that seems to have preceded the abrupt decrease in the number of malaria admissions observed between 2003 and 2004 ( Figure 4 ). This observation is in agreement with earlier studies where communities with much higher mean ages of malaria morbidity still experienced the same total malaria morbidity as those with a much lower mean age. 2, 3, 34 Ifakara, Tanzania has reported decreasing prevalence and incidence of disease in young children with an associated increase in age of malaria admissions, but age data from only two time points during a 5-year period are com- pared and do not provide insight into the dynamics of changes in age as a function of exposure. 35 It could be argued that the incidence of hospitalized clinical malaria began to decrease in the late 1990s, with an anomalous year in 2003. However, the observation that the proportion of admissions with malaria remained stable until 2003 suggests that the decrease began after 2003, and certainly 2004 was the first year that malaria admissions were lower than any previous year in the surveillance period. This is further supported by the consistency between the incidence of malaria in the community and the incidence of hospitalized malaria; both show dramatic declines between 2003 and 2004, the same time the prevalence in the cohort dropped below detection.
Only one entomologic measure of transmission is available from this area during the surveillance period 16 ; thus, trends in exposure are inferred from cross-sectional prevalence. We cannot separate out the possible initial effects of the widespread introduction of an effective antimalarial drug (SP) from 1998 in directly reducing the apparent prevalence, from the expected downstream effect of such a reduction on transmission. However, it seems unlikely that initial reductions in prevalence of asymptomatic parasitemia caused by the introduction of SP would have been maintained in the face of rising resistance to SP without sustained reductions in transmission. This, together with the concurrent changes in mean age of disease and, later, incidence of malaria admissions, provides strong evidence in support of a true reduction in exposure to infection.
Longitudinal surveillance in a community with declining exposure to malaria infection confirms predictions about the relationship between transmission intensity and incidence of clinical malaria episodes derived from comparisons across ecological zones. Data from Ngerenya show for the first time the direct relationship between changing transmission intensity and the mean age of clinical disease. Our results suggest that changes in the mean age of clinical disease may be a more contemporary measure of change in transmission intensity than the incidence of disease, particularly over a wide range of intermediate values of transmission. These results give new insights into the dynamics of exposure, disease, and age incidence of malaria relevant to malaria control measures designed to reduce transmission.
Finally, it should be noted that the data reported here relate to only a part of Kilifi district and that, although the incidence of hospitalized malaria has certainly fallen in the district as a whole, 23 the magnitude of the changes reported here is larger, as one might expect in a part of the district that has traditionally been regarded as having lower transmission than other areas. 15, 17 Received 
